Abstract. Stable carbon isotope discrimination (A) was evaluated in primitive and cultivated Gossypium barbadense L. Significant differences among cultivated Pima lines were positively associated with the degree of selection for lint yield and heat resistance. A population mean study of a cross between B368, a primitive, uncultivated G. barbadense, and Pima S-6, an advanced line, showed that A is probably under genetic control, and could be a suitable selection trait in breeding programs. Eleven uncultivated accessions of primitive G. barbadense of varying origins grown in one environment showed a broad range of A values (18.8-20.5%0), pointing to substantial genetic variation of A in the G. barbadense germplasm. A was strongly correlated with stomatal conductance (gs) in the commercial lines, a segregating F2 population of the B368 X Pima S-6 cross, and the collection of uncultivated G. barbadense. This relationship indicates that variation in gs is the main source of variation for A in both uncultivated and commercial G. barbadense. The positive correlation between A, gs and yield in the commercial Pima lines provides further evidence for selection pressures on higher gs ensuing from selection for higher yield and heat resistance. Selection for higher A could increase yield in crops grown in hot, high irradiance, and well-irrigated environments.
Introduction
Although Pima cotton (Gossypium barbadense L.) represents less than 5% of the world's cultivated cotton, it produces an extra-long fibre which commands premium prices (Percy and Wendel 1990) . It is well established that Pima cotton has lower heat resistance than the widely cultivated upland cotton (Gossypium hirsutum L.) (Kittoch et al. 1988; Reddy et al. 1992 ) and thus yields substantially less than upland cotton in the major cotton cultivation areas of the south-western United States where air temperatures often exceed 40°C during the growing season (Radin 1992) .
Recent studies on a historical series of Pima cotton encompassing a three-fold increase in yield and a substantial enhancement of heat resistance (assessed as higher yield at elevated temperatures) have shown that these agronomic improvements are accompanied by steady increases in stomatal conductance (gs)* (Cornish et al. 1991; Radin et al. 1994) . Photosynthetic rates measured in greenhouse-grown plants (Cornish et al. 1991) and in steady-state, gas exchange experiments conducted in the laboratory were also higher in advanced Pima lines, as compared with obsolete ones. However, the relationship between yields and photosynthetic rates measured in the field at the flowering and fruit-setting stages has been poor ; Z. Lu, R. Percy and E. Zeiger, unpublished data) . These results indicate that prevailing selection pressures on higher gs are probably independent of those on higher photosynthetic rates . Intrinsic selection pressures for higher gs appear to ensue from an adaptive advantage of lower leaf and canopy temperatures that result from enhanced evaporative cooling and provide advanced Pima lines a heat avoidance mechanism Radin et al. 1994) .
Yield increases observed in the F3 and F4 progeny of the F2 segregants selected for higher gs indicate that explicit selection for high gs could effectively improve the yield potential of Pima cotton in hot environments (Radin et (Percy et al. 1995) . Moreover, instantaneous measurements of gs may not fully reflect the relationship between leaf gas exchange and yield.
In recent years, stable carbon isotope discrimination (A) has emerged as a promising indirect selection trait for higher yield (Condon et al. 1987; Meinzer et al. 1991; Farquhar et al. 1993) . A depends on the ratio of intercellular and atmospheric partial pressures of C 0 2 and thus reflects the integrated relationship between gs and photosynthetic rates (Farquhar et al. 1982; O'Leary 1988) . Hence, selection for low A values would favour genotypes with higher photosynthetic rates, relative to gs, and a higher water-use efficiency rate (Hubick et al. 1986; Wright et al. 1988; Farquhar et al. 1993) , while selection for high A values would favour genotypes with a higher gs (Condon et al. 1987) .
In the present study, w e investigated the relationship between A and gs in obsolete and advanced commercial Pima lines i n a collection of primitive, uncultivated G. barbadense, and in progeny from a cross between a primitive G. barbadense and a n advanced Pima line.
Genetic variation in A, and the relation between A and yield were also investigated. This work was designed to improve our understanding of the relationship between physiological adaptations and agronomic performance, as well as on the use of A as an indirect selection criterion for greater yield increases in agricultural crops.
Materials and Methods

Plant Materials and Growth Corzditiorzs
Three commercial Pima lines, Pima S-3 (PS-3), Pima S-6 (PS-6) and P70 were chosen to represent a gradient of increasing lint yield and heat resistance. PS-3, an obsolete line released in 1966 for cultivation at high elevations, fails to retain fruit at low elevations until late in the season due to a low heat resistance (Young et al. 1976 ). PS-6 is a modern Pima line released in 1983 that has a high yield potential in hot environments due to its superior heat resistance (Feaster and Turcotte 1984) . The elite, experimental strain P70 has a higher lint yield and greater heat resistance than PS-6 Radin et al. 1994) . Lint yields are closely correlated with gs in the three lines .
A group of primitive G. barbaderzse accessions from a collection mainlained at the Pima Cotton Breeding Center at Maricopa, AZ (Percy and Wendel 1990) was also included in this study in order to assess genetic variation for A in the Pima germplasm. These include B234, B333, B354, B355, B402, B403, B405, B418, B443, B475 and B572. These primitive accessions have experienced little genetic manipulation and are assumed to be heat sensitive because of their temperate habitats in Central and South America (Percy and Wendel 1990) , their low gs compared with the cultivated Pima lines, and their phenotypic similarity to the heat-sensitive Sea Island cottons Radin et al. 1994) . One primitive accession, B368, was included in the study of the commercial lines. The other accessions were grown in a common garden at Tecoman, Mexico. Plants were planted in three single row replications in the winter of 1994. Measurements of gs and leaf samples were obtained in the early afternoon on 3 days in February 1995 when plants were in their fruiting stage. The air temperature was approximately 35"C, the relative humidity approximately 45%, and the photon flux density (PAR) approximately 2000 pmol m-2 s-I.
Ten plants each of B368, PS-3, PS-6, and P70 were grown in a greenhouse at the University of California, Los Angeles, with daylnight temperatures of approximately 35/2j°C, a photon flux density of 1800 pmol m-2 s-' measured at noon on a clear day, and a relative humidity rate of approximately 40%. Plants of B368 and PS-6 were also grown in the field in Arizona. Leaf samples and gs were obtained during the fruiting period, with air temperatures at approximately 40°C, a relative humidity of approximately 40%, and a photon flux density of 2000 pmol m-2 s-'. Plants of PS-6 were also grown in a growth chamber at the University of California, Los Angeles, at air temperatures of 45"C, relative humidity of 50%, and photon flux density of 600 pmol m-2 s-' .
The heritability of A was assessed in the F,, F2 and backcross progeny of a cross between the primitive accession B368 and PS-6. Ten individuals from each of the parent, FI, and BC populations, and 18 individuals from the F2 population were grown in a greenhouse at Maricopa, Arizona, with an average temperature of 40125°C (daylnight) and a relative humidity of 45%.
Stomata1 Conductance
Measurements of gs were taken with a LI-1600 steady state porometer (LI-COR Inc., Lincoln, NE), in the early afternoon, the time at which maximum genotype differentiation occurred . The youngest fully expanded leaf from 10 plants of each line (B368, PS-3, PS-6 and P70) and from the F, and the backcross populations were measured to obtain a mean value for gs. For the F2 populations, gs was obtained from two leaves from each of the 18 individual plants. The conductance value shown for the primitive G. barbaderzse is the average of 22 plants measured over 3 days from each accession.
Stable Carbon Isotope Discrimination
Stable carbon isotope determinations were made on tissue from the same leaves used for the gs measurements. Samples from 10 leaves from the populations of B368, PS-3, PS-6 and P70 grown in each environment were combined, dried at 70°C and ground. The samples were analysed in the Stable Isotope Laboratory at Boston University (Boston, MA) and the discrimination values were calculated according to previously described methods (Farquhar et al. 1989) . For the 11 primitive accessions and the progeny of the B368 X PS-6 cross, leaf samples were obtained and combined. Sampling was done in triplicate, and the values shown are the average of the three measurements. Replicate subsamples analysed from the same leaves had values which varied by no more than O.l%o.
Results
The Relationship Between A, gs and Yield Potential in
Pima Cotton
The value of A in the obsolete and advanced Pima lines showed a progressive increase that paralleled the increases in yield, gs and heat resistance (Fig. 1) . P70, the most heatresistant line with the highest yield potential, showed the highest A value, and B368, the primitive accession, the lowest. In the three cultivated lines, A increased in a parallel manner with their degree of agronomic improvement and heat resistance.
The variation in A between the different lines was strongly correlated (r = 0.91) with their variation in gs (Fig. 2) B368 is a primitive, uncultivated G. barbadense, PS-3, PS-6 and P70 are Pima lines, having increasingly higher yields and heat resistance. environments (Fig. 2) . This relationship indicates that A differences in the Pima germplasm could predict differences in gs across different environments.
Means of A in Progeny from a Cross Between a Primitive G. barbadense and an Advanced Pinza Line
The A value of the progeny from the cross between B368 and PS-6 indicates that A is an inherited trait (Table 1 ). The two reciprocal F1 populations showed A values intermediate to the parents (Table 1) which trended towards the maternal parent. The backcross to the parent B368 had a A value which was very close to that of B368.
The inherited nature of A in G. barbadense is also evident from the segregation pattern of the F2 population of the B368 X PS-6 cross (Fig. 3) . x PS-6 F.
Discrimination (Oloo)
Carbon isotope discrimination (A) and stomatal conductance (gs) in an F2 population from a cross between B368 and Pima S-6. Eighteen F2 plants were grown in a greenhouse at the University of California, Los Angeles. Stomata1 conductance was measured and leaf samples were collected for isotope analysis in the early fruiting season. Each point is the mean of two measurements for each individual F2 plant. The correlation coefficient ( r ) between A and gs is significant at the P < 0.01 level. Genetic variation in carbon isotope discrimination ( A ) among primitive populations of G. barbadense. Seeds were collected from Central and South America and were planted in a common garden in Tecoman, Mexico. A mean values are from a mixture of 22 leaves from each population. Each point is the average of three measurements. The correlation coefficient ( r ) between A and gs is significant at the
conductance in the F2 segregants varied more than threefold, and greatly exceeded the average gs from the parental populations (Fig. 2) . The co-segregation of gs and A is evident from the highly significant correlation coefficient between the two parameters ( r = 0.76, P < 0.01, Fig. 3 ).
Since gs in Pima cotton is genetically determined Percy et al. 1995) , the co-segregation of A and gs suggests that the genetic control of A in Pima cotton is exerted through the genetic control of gs.
Variation in A Among the Primitive G. barbadense Accessions
Eleven uncultivated accessions of G. barbadense, originating from different geographic areas and growing conditions, showed a broad range of A values (18.8-20.5%0) when grown in one environment. Accessions with high gs had higher A values and vice versa (Fig. 4) . The strong relationship between A and gs in these populations indicates that, as in the cultivated Pima cotton, A is also primarily determined by gs in natural G. barbadense populations.
Discussion
The diagnostic value of lower A as an indicator of increased water-use efficiency (Farquhar et al. 1989) , and the characterisation of a negative relationship between A and higher yield in several species (Hubick et al. 1986; Meinzer et al. 1991; Ismail and Hall 1992) has drawn considerable attention to the use of A as an indirect selection trait for yield. On the other hand, wheat studies have shown a positive correlation between A and yield (Condon et al. 1987; Sayre et al. 1995) . This relationship between higher A and yield is thought to be mediated by variation in assimilation-weighted gs (Farquhar et al. 1989; Sayre et al. 1995) .
The positive relationship in Pima cotton between A, yield and heat resistance appears to represent yet another source of variation for A values which are mediated by increases in gs, and associated with a type of heat avoidance provided by lower leaf temperatures. Recent studies have shown that selection for higher yield in hot, irrigated environments has imposed selection pressures on higher gs that are independent of photosynthesis Radin et al. 1994; Percy et al. 1995) . The steady increases in A accompanying yield increases in cultivated Pima lines show that increases in gs occur throughout the lifespan of the leaves during the fruiting period. Gas exchange studies on leaves from advanced Pima lines have shown that large, temperature-dependent increases in gs do not result in concomitant increases in net photosynthesis . These results indicate that conductance values typical of those measured in Pima leaves in the field do not impose stomatal limitations on photosynthesis; these conditions are also shown for upland cotton (Radin et al. 1987) . In the hot, high irradiance environments typical of cotton cultivation, the enhanced evaporative cooling ensuing from higher gs maintains leaf temperatures closer to their proper thermal kinetic window (Burke et al. 1988; Reddy et al. 1992) , and thus results in more favourable conditions for key metabolic and reproductive processes. Condon et al. (1987) have pointed out in their wheat study that the increases in yield associated with a given increase in A far exceed the yield increases predicted by an increase in intercellular C 0 2 concentration. This discrepancy suggests that yield increases in wheat mediated by leaf cooling may co-exist with the beneficial effects of a decrease in stomatal limitations on photosynthesis.
Common garden studies have been used successfully to demonstrate genetic variation in many plant species (Farquhar and Richards 1984; Hubick et al. 1988; Martin and Thorstenson 1988; Rundel et al. 1988; Ehleringer 1990; Meinzer et al. 1990 ). The broad range of A values obtained from diverse populations of primitive G. barbadense grown in a common garden provide evidence of a broad reservoir of genetic diversity in the species.
The heritability of A has been demonstrated in many crop species using controlled crosses .
Results from the present study suggest that A is also under genetic control in Pima cotton (Table 1; Fig. 3) . A recent study on the mode of inheritance of gs in crosses of high and low conductance lines of Pima cotton has shown that gs in G. barbadense is under genetic control. The positive correlation between gs and A in the commercial Pima lines, the segregating F2 population and the collection of uncultivated G. barbadense accessions indicates that gs plays a predominant role in the determination of A. This relationship suggests that the genetic control of A in G. barbadense largely depends on the genes involved in the inheritance of gs, and that A could be used as a selection criterion for high conductance, high yield Pima genotypes.
Selection for higher A as an indirect trait for conductance-mediated increases in yield would be expected to be most effective in crops grown with irrigation at supraoptimal temperatures, such as cotton in the south-western United States or wheat in Obregon, Mexico (Sayre et al. 1995) . Advantages would be small or non-existent in temperate zones, where enhanced evaporative cooling would not be expected to enhance yield. From a practical standpoint, the relative advantages of using A as a selection trait, compared with measurements of gs proper, would depend on factors such as the number of plants that can be screened in a reasonable timespan, cost, and the heritability of the two traits. Comparable studies of the two parameters should enhance our understanding of using physiological traits in breeding programs to increase agronomic crop yield.
